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Basic Design Principles of Electromagnetic
Scattering Measurement Facilities

1, INTRODUCTION

The purpose of this technical report is to examine the basic electromagnetic
principles that govern the design of electromagnetic scattering measurement facil-
ities, Special emphasis is placed on the practical application of the principles and
on their practical meaning in determining the effects of the facility design on meas-
urement accuracy. Although the discussioas are not specifically restricted to any
frequency range, they are implicitly directed toward the frequency range of 1 GHz
to 40 GHz,

Likewise, most of the discussions apgply to short pulse or other types of scat-
tering measurements but are implicitly directed toward CW cancellation systems,
The principles discussed apply equally to measurements made on an outdoor facil-
ity or to measurements on an indoor range where the free space environment is
approximated by a microwave anechoic chamber, Ideally, the overall design param-
eters of the facility would be dictated by the types of measurements anticipated, the
model sizes, frequency ranges, cross section levels, the degree of automation
desired, etc, In reality, such parameters can rarely be specified in advance.
When the facility is to be used in an R & D environment the anticipation of future
desirable projects is even less precise, In such a situation it is well to recall that
an arbitrarily imposed set of design parameters is in fact an advanced statement

(Received for publication 19 February 1981)
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of what the facility will never be capable of measuring. The importance of this
consideration is that a specified set of Je:sign parameters can frequently be met
by restrictive designs that largely prohibit the facility's even occasional use for
projects that fall outside of the ofigina’ parameters.

The alternative approach is to design the facility for maximum versatility, and
this design philosophy is generally followed in the present discussion,

There are some implications of the '"design for maximum versatility" philos-
ophy. For example, the advantages in terms of minimum measurable cross sec-
tions of being able to measure a model at the shortest range consistent with being
in the model's far field are discussed in the next section, If the chamber design is
focused on producing 2 quiet zone of some limited volume centered at one spot of
the chamber, the advantages of optimizing the measurement range for each scat-
terer are lost, Similarly, if cheaper absorber of lower quality or having polariza-
tion sensitivity is used on side walls of the chamber, the ability to make measuﬁg-’
ments at bistatic angles or with other than horizontal and vertical polarizations
may be severaly limited. The net result is that a versatile chamber to be used for
electromagnetic (EM) scattering measurements cannot take full advantage of recent
advances in chamber design,

Note that in this respect, the requirements for a scattering measurement range
and, in particular, for an anechoic chamber to be used for scattering measurements,
difter from those of an antenna measurement range or chamber, The antenna case
involves one way propagation paths, generally much higher power levels at the
recelver, and never requires bistatic measurements, Hence, the quiet zone ap-
proach to design of an antenna range or chamber can lead to a very versatile facil-
ity.

The frequency range is another fundamental consideration., The discussion
herein is directed toward operation over the band of 1 GHz to 40 GHz, The general
guides for these limits are that smaller targets can be measured without modeling
at L-Band, while larger real system targets, such as airplanes viewed with an
Li-Band radar, require high model measurement frequencies if the scaled model is
to be of a convenient size, For example, since scaling is linear with wavelength,

a 40 ft target at 1 GHz becomes a 1 ft mode! at 40 GHz,

The required far field measurement distance is proportional to the square of
the maximum dimension of the model and inversely proportional to the wavelength
and, hence, only 1/40 of that required for the full scatterer in the above example,

An additional consideration in choosing the general frequency range is that,
bused on the manufacturerts literature, pyramidal absorber with reflectivity levels '
specified at 1 GHz first improves as the frequency is increased, but then deterio-
rates in performance as the frequency is raised, until, at 40 GHz its reflectivity
is approximately the same as at 1 GHz, In addition, a -40 dB reflectivity level
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specified at 1 GHz still permits useful but lower quality measurements in the
chamber down to 300 MHz,

An electromagnetic scattering measurement facility can be divided into the
following set of subsystems:

1. The range (or chamber)

2. Model mounts

3. Transmit/Receive antennas

4, RF transmitting sources

5. RF plumbing

6. Receiving equipment

7. Data handling equipment

Each subsystem has its own set of technical requirements and design tradeolfs

within the constraints of the overall facility parameters, An understanding of the g
individual subsystem tradeoffs will frequently permit a combination of them to be

played against each other to yield more accurate results, or even to perniit reliable
measurements of scatters that could not be accommodated by a given facility if a
rigid application of fixed criteria were made,

e A e e

Section 2 gives a brief review of the basic laws governing the accuracy of radar
sca‘tering measurements, and of the laws that define the measurement capability of
a given facility, The following sections contain detailed discussions of each subsys-
tem except the receiving equipment and the data handling equipment. Choice of
receiving and data handling equipment are basically not electromagnetic concerns
and are determined primarily by state of the art commercial products that are
available within budgetary constraints, Primary requirements of the receiver are
that it be stable and very sensitive, Typical commercial receivers currently avail- :
able have minimum detectable signal levels of <70 dBm at 40 GHz improving to
-110 to -120 dBm at 1,0 GHz and these are very suitable, The receiver also should
be capable of measuring phase as well as power or amplitude, and should have out-
puts that are compatible with existing analog recorders for recording both phase
and amplitude, It is also highly desirable that the receiving equipment have a cap-
ability of at least digitally storing the input data on tape for later computer process-
ing, because nearly all measured scattering data is relative data and frequently
requires normalization and scaling to actual operational frequencies,

o I B 40 5

2. BASIC EM SCATTERING PRINCIPLES

The production of high quality measured data from a given scattering measure-
ment facility requires the careful application of only a few relatively simple rules,
but these basic rules must be applied with understanding if good results are to be
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obtained with even the highest qualily facility, These basic principles, in turn,
{mpinge on the facility design becnuase the facility should be designed, insofar as
possible, within limitations of physical and budgeting restraints to enhance the
measured resulits,

The basic principles tnat govern scattering measurements are summarized
below and discussed in the following subsections, Examples given are specifically
for free space backscatter facilities but appropriate versions of the principles
apply to all types of EM scattering facilities,

The principles are:

1. Linear passive electromagnretic systems can be scaled up or down in fre-
quency, with linear dimensions scaled directly proportional to the wavelength or
inversely as the frequency, Areas scale as the square of the wavelength or in-
versely as the square of the frequency,

2. Measurenients of the scattered fields must be made in the far field of the
Scattering target.,

3. The incident field over the space to be occupied by the scatterer must be a
close approximation to a plane wave,

4. Background signals from wall reflections, Jeakage, etc., must be reduced
by some means to levels that do not introduce unacceptable errors into the lowest
cross sections to be measured, The reduced levels of background signal must be
maintained during the course of a measurement,

5. Power relationships in EM scattering measurements are governed by the
radar equation, For a given experimental setup this equation defines the smallest
«ross section that can be measured with a specified error,

2.1 Electromagnetic Similitude

The laws of electromagnetic similitude say that electromagnetic systems will
give equivalent results at an: frequency as long as all linear dimensions of the
system are scaled in an inverse proportion to the frequency. In air, linear dimen-
sions are simply directly proportional t the wavelength.

This simple property of electromagnetic systems makes possible the use of
model measurement ranges. For example, a real radar target having a maximum
dimension of 40 ft will yield the same relative scattering pattern at L-Band (1 GHz)
as an accurately constructed model having 1 ft maximum dimensions and measured
at 40 GHz, Similarly, a 4 ft model could be used at 10 GHz or a 20 ft model at
2 GHz. The relationship! is

1. Blacksmith, P., Hiatt, R.E., and Mack, R.B. (1965) Introduction to radar
cross section measurements, Proc, IEEE 53:901-920.

10
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Ly = (/A Ly = (£ /1)L, (1)

where L2 represents linear model dimensions at frequency rz and wavelength Xz,
and L1 represents linear model dimensions at frequency fl and 7\1. Clearly,
linear media and linear materials are assumed,

The word "accurately’ is underlined because it is an important key to measur-
ing the same scattering pattern with different models scaled to represent different
real operating frequencies, Accurately means all of the details including the in-
terior of openings, gaps, stores, and any surface over which surface fields can
exist and contribute to the reradiated field, Accurately also means tolerances and
these also scale according to Eq, (1), Thus, if the model is to represent a real
scatterer within A/20, tolerances of an X-Band (10 GHz) model must be +0, 050 in,
and tolerances of a 40 GHz model must be no poorer than %0, 0125 in,

The costs of constructing a model are at least inversely proportional to the
tolerances, Hence, it is common practice to make estimates of details that are
too small to affect the scattering pattern, and to estimate the effects of reduced
tolerances on major features of the scattering pattern prior to specifying the
model's tolerances,

Real radar targets at UHF, VHF, and HF have many details that do not con~
tribute significantly to the scattering pattern, and can therefore be represented by
very simple models, However, at L.-Band and higher frequencies, nearly all de=-
tails contribute and must be included in the model if the model is to be an accurate
representation of the real target,

A statement commonly made is that there is generally poor agreement between
the relative scattering patterns frem a model measurement and those from the real
scatterer, The differences are very frequeniiy caused by failure to include suf-
ficient details and accuracy in the model,

As applied to : adar scattering measurements, Eq. (1) is used three ways,
First, if a fixed :..odel measurement frequency is available, Eq. (1) defines the
medel size (o represent a lull size system at a given full size radar frequency,
Secondly, if a model is available, Eq, (1) defines the measurement frequency to
represent a given full size target and radar, Thirdly, if model measurement re-
sults are already available from a model of given size me=ncured at a given model
frequency, Eq. (1) defines the full system target size and radar frequency to which
the results apply.

The absolute radar cross section of a scatterer is an area and hence, varies
as the square of the wavelength or inversely, as the square of the frequency for
scaled systems,
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where 62 is the radar cross section at frequency f2 and wavelength 7&2 and oy is the
radar cross section at frequency fl and wavelength 7\1. Note that while scaling EM
scattering systems for measurements to higher frequencies offers the advantage of
smaller models, the higher frequency model range must be capable of measuring
smaller cross sections, For example, a low cross section target at L-Band (1 GHz)
might have an radar cross section (RCS) of 0.1 m? at some aspect, At X-Band

(10 GHz) its model's RCS at this aspect would be 10"3 m2, and at 40 GHz an appro-
priately scaled model would have an RCS of 0, 25 (10'5) ma. An airplane might

have an RCS of 400 m2 at some aspect, Its X-Band model would have an RCS of

4 m2 at the same aspect and its 40 GHz model an RCS of 0,25 mz.
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2.2 The Far Field of the Model

The relative scattering patterns and the radar cross gections of the model must
be measured at a sulficient distance R from the model to insure that the measured
results are independent of R, This is commonly referred to as being in the far
field of the model,

Mathematical statements of the far field requirements are easily derived from
the Kirchoff-Huygens formulation for calculating the scattered fields, 2,3 1nthis
formulation the scattered magnetic field is given by

) i‘zﬁ"l’f‘f:{’;ﬁﬁi AR R ?F Bass

8

where the surface of integration is the surface of the scatterer and a closed surface
at infinity (over which the integral is zero), 1 is a unit normal to the surface, ﬁt

is the total tangential field on the surface of the scatterer, and r is the distance
from the observation of measurement point, the transmit/receive antenna of a
model backscattering range, to a current element on the surface of the scatterer,

T I O PR s A S T

Equation (3) contains no approximations, it gives the scattered field everywhere
outside of a perfectly conducting scatterer,

gy

A TR A T G S A

2. Silver, S. (1949) Microwave Antenna Theory and Design, Vol, 12, Radiation
Laboratory Series, McGraw-Hill Book Company, ﬁﬁap. 6.

3. Kerr, D.E, (1951) Propagation of Short Radio Waves, Vol. 13, Radiation
Laboratory Series, ﬁcéraw -Hill Book Company, Chapts. 4 and 6.
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Consider the gradient:
-ikr
v (—-——-e = ) = - ikr A, [%5 + —15] (@

and the scattered field becomes

i - - z’;,-f[ﬁo X (A x ) (ir&-» -%) e'““‘] s . , (5)
r

s

Since we are interested in the field at relatively large distances from the
scatterer, little error is introduced by replacing r by R, the distance from the
measurement point to the center of the scatterer, in the amplitude, R is irdepen-
dent of the integration so that

=

- ;li[%h ng] f[ﬁox(ﬁxﬁt) e”kr) g5 (8)
8

Thus, in general there exist two components of the scattered field which differ
in phase by 90°,

The phase requires a more delicate treatment, From Figure 1 the difference
in path length to a measurement point located a distance R from the center of the
scatterer between a current element at the center of the scatterer and one at x! is ¢
So that

r=R+1t=(R%+ ::'2)1'/2 = R(1 + x'z/Rz)l/2 = R(1+ x'2/282) (7a)
- 2
=R+ x'“/2R , (7b)
Then the field becomes
“kR a2
B = - g (kv 1R Sp— [R X @ xH) /2R gs (7c)
8

Since the scattered field at any measurement point is complex with both an
amplitude and a phase, separate conditions must be placed on each to insure that
the measurement distance {rom the scatterer is sufficient to guarantee that there is

13

ot AT




SR n:i::; Vat ot

g

X

had

s XS P 2 AT R YL B A

TN o e P T AT

v

only one dominant component and that the range-dependent quadratic phase varia-
tion is negligible,

n:R+£L \ T
- L/2
—"” \
——”R“’ ‘ x
—”’— R \ l

MEASUREMENT SCATTERER
POINT SPACE

Figure 1, Geometry for Determining Phase Error Due to Finite
Measurement Distance

The ratio of the amplitude of the 1/ R? to the 1 /R components is

Rp = M(@mR) (8a)

R

For the phase term, the assumption that the largest phase errors come from the
extremities of the scatterer where x! = L./2 leads to

1 =1%8R . (92)

If it is further assumed that a quadratic phase error of 22, 5° corresponding to path
differences of £ = A/16 is acceptable,

R =2L2/A (conventional far field) . (9b)
For this far field condition, the ratio of the amplitude components is

Ry, = =22 - 40 log L/A (R = 2LZ/n) . (9c)

R
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Except-in cases where the conventional far field criterion is applied to scat-
terers that are small compared to the wavelength, its application generally insures
that the 1 /R2 components are negligible compared to the 1/R components of the

field, For example, if£/A =1, RR = «22 dB and the error created in the measured

cross section is (see Blacksmith, et al, ! Figure 3) approximately +0, 75 dB; for
L/A =2, Rp = -34 dB and the possible error in measured cross sections is approx-
imately 0,2 dB, If the scatterer has three or more wavelengths in its maximum
dimension, measurements at distances specified by the conventional criteria will
result in errors of £0,1 dB or less in measured cross sections due to the neglected
fleld components,

Whether the criterion of Eq, (9b) is sufficient to keep the quadratic error with-
in acceptable limits depends on how heavily the scatter in question weights the cur~
rent elements at its extremities, For a given scatterer this also is a function of
the orientation of the scatterer, in general,

Figure 2 shows examples of quadratic phase error due to finite measurement
distances in the backscatter pattern of a square flat metal plate of 10X on a side.
Patterns in Figure 2 were calculated from physical opticsz' 3 for distances R = p
with p = 1/2, 1, 2, 4, and infinity, As can be seen from Figure 2 the largest
errors are introduced near the first null and first side lobe of the scattering pat-
terns, Even at substantially reduced distances, the error effects decrease at
angles away from the broadside direction, even though the overall pattern levels
are lower at the SE angles, Also, doubling of the measurement distance increases
the null depths by approximately 6 dB.

Beyond the center of the first side lobe through the third side lobe the pattern
at R = ZLZ/K gives a pattern that is within 0, 5 dB of the ideal one except very near
the nulls; at angles beyond the third side lobe the approximation is better, Sim-
ilarly, the criterionR = L2 /> gives a pattern within approximately 1 dB of the
ideal one at and beyond the first side lobe the approximation is better. Similarly,
the criterion R = L2/2h gives a pattern within approximately 1 dB of the ideal
one at and beyond the first side lobe except near the nulls, Effects of the quad-

ratic error on the pattern broadside maximum are summarized in Table 1,

Note that the preceding discussion of backscatter from a square plate assumes
the incident field to be a planewave and only the receiving distance to be finite,

Experimentally, it is usually very simple to determine if a given measurement
distance R is sufficient to obtain a scattering pattern within a desired error toler-
ance. The procedure is to measure the pattern at a chosen distance, move the
scatterer toward or away from the tranamit/receive antenna and remeasure the
pattern. If pattern differences are within acceptable limits, the closer distance is
adequate, This procedure is especially useful when scattering patterns must be

15
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measured over a wide power range and the lower powers are too close to the
receiver noise level to permit use of the conventional far field criterion.
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Figure 2, Backscatter Pattern of 10A Square Plate at Various Measure~
ment Distances
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L Table‘~f. Error in Maximum of Backscatter Pattern Due to Finite
Measurement Distance .

(Scatterer: 10X sq, plate)
N ]
Pattern Max
Measurement Phase Path Length Compared To
) Distance Error Error Ideal
¢ (R) (Deg) ™) (dB)
L2/ 90° A4 -0, 89
L3/a 45° x/8 -0. 24
2L2/a 22, 5° /16 -0.05
aLi 11,25 2132 -0, 014

2.3 The Incident Field Over the Model Space

The incident field over the volume of space to be occupied by the medel should
be a good approximation to a planewave, This requirement reduces to

E[(R - L/2) - B (R + L/2)

= = 6B, , (10a)

where GEL is the acceptable fractional radial variation in the amplitude of the inci-
dent lield over the model epace; 6ET and MT are, respectively, the acceptable
transverse variations in amplitude and phase over the model space; and R is the
distance from the transmit/receive antenna to the center of the model, The angle
is given by

e S

T

9=tan”} L/2R . (11

Consider lirst the radial variation of field uver a model of largest dimension L,
Assuming a 1/R lield dependence, Eq. (10a) gives

3 B o B
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SE

- 1[(R - le].)/l-?l/m + L/2) _ L/R 12a)

1 - (L/2R)°

He

L/R . (12b)

The transverse field is given by the antenna pattern of the transimit/receive
antenna, For a circular aperture and uniform illumination the pattern is given by
Skolnik (Chapter 1

D
J, {[=—sin @
E = L—L—-——) (13)

| sin6)

*I5

Using small angle formulas,

sin0 ¢ 6 =tan”l L/2R & 6

so that
™ L
J .
ETC =1 (T fﬁ) {circular aperture uniform illumination) (14a)
(I.Q. .L.)
A 2R
6Bpo=1-Bpe {14b)

Half power beamwidths are given by
91 J2C t (58,5 A/D)" (circular aperture uniform illumination) (14c)

A uselul series for Jl(x)/x is

Jl(x) _
X

of%y,

X
1- 5.24 " 3,204,487 " ¢ (15)

4. Skolnik, M.I, (1962) Introduction to Radar Systems, McGraw-Hill Book
Company, Chapts, 1 and 7,
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The phase is typically nearly constant acrcss the main beam out tg the half
power points, Hence, if the amplitudé illumination is smooth-over the scatterer
space the phase will also be smooth,

Many combinations can be used to satisfy Eqs. (10a) to (10c) and all are legit-
imate as long as the far field distances of the scattering model are not violated.
These include measuremecnts in the nea~ field of the antenna if the model is small,
or the antenna focused in the near field with the scattering mnde! located at the
focal region, ‘

The actual criteria for Eqs, (10a) to (10c) »re difficult to specify for a given
model because final effects on the measured resvlts depend on the model's weighting
of the field, Even for a given model weights will depend upon the orieutation uf the
model with respect to the transmit/receive antenrna.

A great deal has been written on this subject; the objective of most has been to
establish universal criteria for automatically insuring adequate fields over the
model space, The problem with such universal criteria i3 that they are either too
restrictive in any individual case and actually degrade results by requiring excessive
R's, or they introduce errors in the measurements by ignoring the radial changes
of the lield.

The most widely accepted criterion is that the measurements should bte in the
far field of the transmit/receive antenna, Under this restriction, the minimum dis~
tance from the transmit/receive antenna for measurements is

) = on?
R=R_ . =2D°/A (16)

where D is the maximum dimension of the antenna, With Eq, (18) ETC becomes

T L
J - =
E = -—-L"—L—D—) . {circular aperture uniform illumination) (17
. B) (R = 2D¢/})

An appreciation of tne magnitude of Eqs, (17) and (18) is best obtained by several
examples:

1. A 12 in, model is to be measured at 10 GHz (A = 1,18 in,) with a 12 in,
antenna,
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: R =2D%/A = 20.3 ft
L 12.(1.18) _ . .
sE, = 12U:18) . 4,040 = -44 4B
Lo 29 ;
3
J,(n/4) .

8Eq = 1 - ~fr7g = 0.08=0,68dB

2, ‘A 12 in, model is to be measured at 10 GHz with a 24 in, antenna,

R=2D%A =141

sB, = U8 . 4 012 = -0.11 4B
2(24)

J,{*/8)

8Eq = 1= —{rg = 0.019 = -0.17dB ,

3, A 12 in, model is to be nieasured at 10 GHz with a 24 in, antenna but at
the reduced range of R = p? /2N

R = D?/2\ = 2441 in, = 20,3 ft,

From Eqs. {14a) to (14c),

J1 ‘XD ) J,(7L/D) 3,(n)2) f
T—D——E' l-m *-;7-27' = 0,278 = -2,83 dB ;

- L/R = 2k

GEL -55- = 0,0402 = -0,44 dB ,

s E s o e e (A

In this case the model tarely fits within the 3 dB points of the antenna beam,
aithough the radial condition is well satisfied, In general the condition R = 2D2/>\ is f
sufficient to insure sms!l field changes aver the model space but may not be neces- :
sary,

As u final point concerning the antenna fields consider the beamwidths,

Eo. (14b) of Skolntk {Chapter T)* .
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91/20 = 58,5 A/D = 1,02 A/D radians

At a distance R from the antenna the 3 dB point of the beam covers a lateral extent
1 of

2 = 2R tan 6/2 = 2R6/2 = R A/d (19a)
With R = 2D%/2
t = (2D?/N(/D) = 2D (19b)

That is, at a distance of R = 2D2/7t from the antenna, the lateral distance
between the 3 dB hall power points of the beam i8 twice the antenna diameter,
Similarly, at R = D2 /A the hall power points cover a lateral distance equal to the
antenna' diameter, Note that this relation holds for uniform illumination; for
tapered {llumination the beams are wider,

Figure 3 {llustrates the elfects of placing a scatterer in a nonuniform incident
tield, The scatterer is a square metal plate of 10A on a side and the results are
calculated from physical optics, 2,8 The amplitude taper of the incident field of
Figure 3 was assumed to be parabolic of the form

fx) =1 -(1-4) x°

where x is the coordinate along one centerline of the plate, and the backscatter
patterns are shown for values of A from 1 to 0.5, Principal effects of an incident
field taper for this model are that the side lobes are reduced from the uniform case
by approximately 1 dB for each 1 dB in total field taper, and the principal lobe is
reduced by zpproximately 0,3 dB for each dB of lield taper which also results in a
slight broadening o! the principal lobe,

24 Cancellation of the Background Signal

With all fields adjusted for minimum errors, the signal that arrives at the
receiver with a scattering model in place consists of two parts., One part is the
true signal reflected from the model while the second part is the sum of all back-
ground reflections, leakage signals, etc. Clearly, the second part is an error sig-
nal and should be much smaller than the true signal from the scatterer if reliable
results are to be obtained,

After background signals have been reduced to a minimum by arrangement of
the equipment, walls, mount, etc,, the common practice is to introduce a signal
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Figure 3. Backscat'er Pattern of 102 Square Plate in Various Field Tapers

directly from the transmitter into the receiving branch of the equipment and to ad-
just the phase and amplitude of this signal to cancel any remaining background sig-
nal, This step is carried out with the model removed from its mount and the can-
cellation must hold during the entire course of a measurement, Therefore, in the
design of an experiment or facility, premium must be placed on rigidity of the
walls, antennas, etc,, and on the speed with which an individual measurement can
be carried out, The transmitting source must also be stable, It is difficult to
overemphasize the importance of short term mechanical stability of all parts of
the anechoic chamber, the model mount, the transmit/receive antennas, all wave-
guide components, and the supporting structure for the transmission line compo-
nents, The experiment must be designed to enable rapid placement and removal of
the scatterer on its mounlt, and this should be carried out without moving the
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structures such as ladders, etc, In other words, nothing in the chamber should
move at all during the course of a measurement and standard reference measure-

T S TSI Y
AR SR R TR RGN

ment,
Letting subscript m represent the measured signal, t the true signal, and e

the background error signal,

R A LG L

- - [
. em-et+ee-et[1+seeJ] (20)
where
.'
N - Jo -
Sg € -ee/et . (21)

;gai\v,‘}@

The cross cection is proporticnal to the square of the measured signal, Therelore,

. * » 2
o-kemem¢etet[1+2secos¢+se] . (22)

A A .
5 im0 AT L E YR G % K Fohefos oy }?;;,u,r-ﬁ AL, Ui

In dB
E
%B "~ %dB " %edB (23) 3
where :
3 2 E
i aedB=1010g(l+2secosé+se) . (24)
In Eq, (24), si is usually negligible compared to the other two terms and the

middle term [luctuates between 12 s o introducing an error in the measured results,
Eq. (23). ;

A graph of Eq. (24) showing the error introduced into measured results as a ;
function of the ratio of background signal to the true signal, Eq, (21), i3 given in 3
Relerence 1, ;

8 T 4 S o A R Ky

% o

Tuble 2, Scattering Pattern Errors for Various Cancellation Levels

(All values in dB) f

Cancellation Level y

Pattern Level -50 -60 =70 -40

0 0.1 0.1 0.1 £0.1 G

: -10 +0, 1 0.1 0.1 0.3 3
-20 10,3 10.1 0.1 £1.0 |

. -30 £1,0 £0.3 £0.1 £3.2 3
-40 3.3 £1,0 10,3 7.2
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For the following RCS errors, the cancellation level should be the indicated
amount below the RCS level as given below:

Table 3, RCS Error vs Background Cancellation

(All values in dB)
Cancellation Level at
. Error Completion of Measurement
+0, 25 -30
0,5 -24
1,0 -20
£2,0 -14

2.8 Mode! Range Power Relations

The power relationships on a model scattering range are governed by the radar

equation, 4 which can be conveniently written as
Pa,a, GEA°
P, = (25)
* (4m® gt
where

P = power received

\ = power tranomitted

a, = attenuation of transmission line path

a,. = attenuation of receiving line path

G = antenna gain (assuming a single antenna for transmitting and receiving)
A = wavelength

R = antenna-to-model distance

¢ = radar cross section,

It a single transmit/receive antenna is used with a typical backscatter range,
there will be a 3 dB loss on transmission and a 3 dB loss on reception through the
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hybrid tee, and at least another dB of miscellaneous losses throughout the trans-
mission line for a total of at least 8 dB.

The question that usually arises with regard to a model range is whether a
given cross section level can be measured with an acceptable error using an avail-
able equipment, To answer this question, Eq, (25) is better solved lor o,

o= P @n’ R

3.2 (26)
P o G2

{4 Pr is taken to be the minimum measurable power, Eq. (26) defines the

smallest cross section that can be measured with a given set of equipment param-
eters, Equation (26) is conveniently expressed in dB,

"B " 2GdB+4010gR - 20 log A

(27
where Pr dBm and Pt dBm 2F¢ expressed in dB relative to one mW, o 4B is the

sum of *he total transmission line losses ("t dB + @.4B ° "TdB)’ GdB is the anten-
na gain with respect to an isotropic radiator, and ¢ is in dB relative to 1l m”, In

the remainder of this report, P, dBm will be taken as the receiver sensitivity as
stated by manufacturer's literature.

Equation (27) will be called the system seusitivity equation, It can readily be

used to determine ihe minimum cross section that can be measured with a given
arrangement,

A commonly vsed error tolerance in the measured cross section is 1 dB;

hence, when determining ¢min' 20 dB (see Table 3) will be added to the right side
of Eq. (27) so that o,

min will be understood to mean the minimum measurable cross
section with an error of +1 dB,

In this form

(system sensitivity equation) (x1 dB error)

As an example of the magnitudes involved, consider the !vllowing example,
what is %min for a systein with the following parameters:

f =10GHz (A = 1,18 in, = 0,02997 m)

R =10m
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G =30dB

a, = -8 dB

Pt = 10 dBm

P, = =100 dBm
Solution

0, 1n=53 - 100 = 10+ 8 - 60 + 40 log 10 - 20 log (2,997 X 10°5)
= -38, 6 dBSM = 1,305 (10" m?

The importance of minimizing R is clear rom Eq, (28), Reducing Rbya
factor of 2 improves the minimum measurable cross section by 12 dB; doubling R
raises the minimum measurable cross section by 12 dB, Decreasing R by approx-
imately 19 percent doubles the minimum measurable cross section,

There are fundamental differences between transmitter power levels and
receiver sensitivities that are required for scattering measurements and those that
are required for antenna testing, These differences make the scattering measure-
ments much more difficult and are worth noting with a typical example of each.

Let the transmit antenna and the center of a quiet zone be separated by a dis~
tance R, The power density at the test space is (see Skolnik, Chapt. 14)

(29)

A receiving antenna under test has an effective capture area A that absorbs part of
this power, The antenna's capture area is related to its gain by

G A%

el Sl
A, = =5 (30)

The power at the receiver of an antenna under test is

2
_ PthG'R)t

P = (antenna test case) |, (31)
ra ( 4“)2 R2

26




E——
i Y

e

AT

S N A PR

=X

Ed

EY.S

s

e T 7% 5 41 Mg T

A scattering target reflects part of the incident energy, Eq. (29), back to the
transmit antenna, The power received in the scattering case is

p,G%A%0

Pog=*"—37 (scattering measurement case) . (32)
(4m)” R

Typical values for the antenna case might be

u
1

10 mW

Q

=300 , Gp =300
A =0,02998 m (10 GHz)

R =10m

~ o *yeaohie. os82(10™h
Pra b 2 .2
(4m° 10

{antenna case) ,
=051 (10°h w
For the scattering case typically o might be l0'2 m2. Therelore, using the other
parameters as for the antenna case,

_ 1o~3evaohz. 098210411072

P
rs (4,)3 104

(scattering measurement case) .
20,41 (10 w

If the scatterers were an 8 in, model and located at its minimum far field distance
of

R=2022 =208 .9 -3m

-4
= SLUC ). g 50 aohw
4m’ (81)
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3. THE CHAMBER

The fundamental purpose of a microwave anechoic chamber is to simulate free
space conditions by reducing or eliminating reflections that otherwise would be
encountered from walls, ceilings, floors, and similar obstacles in an indoor meas-
urement space and from buildings, trees, utility lines, etc,, in an outdoors meas-
urement space, Even though interior walils are lined with high quality microwave »
absorber there are still residual reflections that ultimately tend to limit the accu-
racy of EM measurements that are carried out in a chamber, These residual re-
flections come about because all microwave absorber has limited absorbability
and because the effectiveness of the absorber generally decreases at grazing
reflection angles,

Current practices in chamber design arrange the chamber shape and absorber ¢
to minimize residual reflections over some limited volume of space within the
chamber, This volume of space is called the quiet zone, With this type of chamber
design the transmit/receiver antenna {8 always located at the same place and the
model i8 always placed within the quiet zone, While this practice is effective for
much antenna testing, it is severely limiting for EM scattering measurements that
may encounter a wide range of model sizes, a wide range of cross section levels,
and requirements for bistatic as well as monostatic cross section measurements,

In the quiet zone approach to chamber design, the distance R between the
transmit /receive antenna and model location within the quiet zone must remain
relatively fixed, Hence, there is no opportunity to optimize R for smaller scat-
terers, As a result, either additional errors are introduced into the measurements
because power levels at the receiver due to the scatterer are so close to the ulti-
mate receiver sensitivity that adequate separation between the target signal and
the cancelled background signals cannot be obtained, or high additional costs are
incurred to provide low noise, stable power amplifiers for each frequency band,

A fixed relatively large value of R easily increases the required transmitter power
by 30 dB to 40 dB to preserve a given accurecy in the measured cross sections

[N

compared to the power required if R could be chosen as the minimum far field
distance for a smaller scatterer, (See, for example, Eq, (28),)

3.1 Antenna/RF Components Shield

Nearly all methods of EM scattering measurements require and achieve very
high cancellation of background signals, In the CW measurement method, back-
ground cancellation of -80 dB to -120 dB are typical, At these cancellation levels

o oo ks % 5 e

the equipment becomes very sensitivie to all levels of rf leakage, coupling, and
reflections that normally are ignored in other types of EM measurements,
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In particular, the antennas transmit some small power directly behind their
reflectors, or. along the waveguide or coaxial lines of korn antennas, They are
also sensitive to any power emanating from the transmission line components,

The antennas are, in fact, quite tightly coupled to the space immediately behind

their reflectors. Any motion in this space including that of a hand near the trans-
mission line comporents changes the fields in this region and especially the amount

of these fields that is reflected to the antennas, thereby upsetting the background
cancellation,

It is common practice for an cperator to stand in this space to adjust attenua~
tors, phase shifters, and matching devices in order to cancel the background sig-
nals., Without adequate shielding between the antennas and operator space, the
final cancellation becomes a function of the position of the operator's hand, arm,
or head,

If high degrees of cancellation are to be achieved and maintained during a
measurement time, it is esseatial that sufficient shielding is provided between the

antennas and operator space for an operator to approach the rf components, make

adjustments, and depart without upsetting the cancellation, In effect, the antennas

must become a part of the chamber only, and the operator space at the rf components

must be isolated completely {rom the interior of the chamber,

Several options for achieving this separation of the antennas and the transmis-
ston line, r!f power sources, and receiver are sketched in Figure 4. One additional
restraint is that the transmission line connecting the principal transmission/com-
ponents assembly and the antennas should be kept as short as possible, Hence, for
higher frequency assemblies, it may be advantageous to include provision for using
thinner absorber immediately behind the transmit/receive antennas.

From the view of operational convenience the most attractive arrangement is

shown in Figure 4a, It is a full wall with direct access to the chamber, the main

building corridor, and the equipment and storage room, In the arrangement o!
Figure 4a as well as that of Figure 4c, the rf equipment space could be shielded at

reasonable cost and this would be desirable. The partial wall shown in Figure 4b
will afford somewhat less effective shielding of the operator space but if the wall is
quite large compared to the antennas this arrangement should prcvide adequate
separation of the spaces,

In general, the actual arrangement will be largely dictated by the particular
space available and the existing building structure so that Figure 4 is intended to
provide some guidance in points to consider both in obtaining adequate separation
of the spaces and in providing operational ease,

For removal and installation of measurement setups at different frequencies

small removable sections that fit within the shielding are very convenient and a
design for such sections is outlined in the next section,
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Figure 4, Antenna/RF Equipment Shielding Options
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3.2 Removable Access Ports for Shielding Wall

This subsection outlines a relatively simple but sturdy design for removable
access ports in the shielding wall, Inclusion of an array of removable, interchange-
able access ports in the original chamber planning will greatly facilitate setting up
experiments in the future, The design that is outlined has proven effective in use,

This basic port design consists of a piece of plywood railed and glued to the
narrow side of 2 X 4's that form the frame, The frame is flush or slightly larger
than the plywood, Corners of the Irame should be nailed and glued, The plywood
should be at least 5/8 in, thick and 3/4 in, or thicker would be preferable, Adja-
cent ports are bolted together with the wide sides of the 2 X 4's frames mating,
Tolerances must be held closely for the pieces to be interchangeable and remov-
able, To facilitate removal, mating sides of the frame should be sanded smooth
and finished with a hard nontacky finish, Several extra ports are useful so that
antennas for each frequency band can be fitted to their own supporting port, Suf-
ficient removable sections tc completely fill the port space should be covered on
the chamber side with the chamber absorber so that experiments can be set up in
the chamber with no reflections from antennas on the working ports.

An array of removable sections that should be adequate for a full shielding
wall is shown in Figure 5a, An optlonal additional port at the lower right is indi-
cated by the dashed line, The inclusion of this additional section permits a large
area to be opened in case large equipment needs to be moved into the rf equipment ;
space, Note that the wall surrounding the removable secticns must also contain E
the 2 X 4 framing, nailed and glued to the plywood of the wail, The removable
sections are also bolted to this framing,

Figure 5b shows such an array of removable sections for the tapered chamber
end, Details of the framing are shown in Figure 6. As suggested by Figure 6, the
4 X 4 ft sections are large and may be inconvenient for smaller antennaas, Hence,
smaller removable sections can be provided within these larger sections,
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3.3 Chamber Reflections

Serious reflections within a microwave anechoic chamber all originate from
the transmitting antenna either through its main beam or side lobes, There are
three classes of serious reflections within a chamber, Each class introduces
somewhat different errors and each class is susceptible to different cures.

The first class of reflections is comprised of energy reflected from the walls,
floor, and ceiling that passes through the space to be occupied by the model, the
model space, If these reflections are sufliciently strong so that the reflected
fields on the model space have an amplitude that is signilicant compared to the
amplitude of the direct radiation, an interference pattern is created over the model
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space, This negates an otherwise accurate approximation to a planewave field over
the model space. These reflections are, in effect, multipath problems. The quiet
zone approach to chamber design is aimed primarily at reducing these reflections,
These reflections arise most frequently from a transmitting antenna with a main
beam that is wider than necessary, or from the first few side lobes of the trans-
mitter beam,

If reflections from the walls and ceilings were specular, the important reflect-
ing regions of the walls and ceiling would be from the transmit/receive antenna to
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a point approximately midway of the chamber, This corresponds to incidence
angles at the walls from about 90° to an angle 6 given by:

6 =57.3 tan"} R/ (33)

where ¢ is the total width of the room and R is tiie antenna to scatterer distance,
Assuming as an illustrative example an effective finished room length of about

10 m with widths of 18 It = 5,49 m yields
-1 - o
6 = 57,3 tan * 10/5,49 = 61,27 ,

Since scattering rom the absorber-covered wall will be largely diffuse, important
reflections will occur out to perhaps 75°,

A second class of reflections are potentially more serious for scattering
measurements, This class is comprised of those reflections that come Irom walls,
Noor, and ceiling directly back to the receiving antenna, These reflections fre-
quently are a significant part of the background signal that must be canceled in a
CW gystem; the larger such reflections are, the more difficult it is to maintain
cancellation of the background signals during a measurement, The more serious
of these reflections occur through the far out side lobes of the antenna and there-
fore come from rellecting obstacles that are located physically close to the antenna
so that litile relief is provided by 1/R spatial attenuation, Since such reflections
may be a significant part of the background signal that must be canceled in CW
measurement systems, the structures giving rise to these reflections must be
particularly rigid and free from vibrations or other short term motions, Even
minute movements will upset low cancellation levels of the background signale
and thereby limit the measurement accuracy, It is to reduce the effects nf such
reflections that tunnel antennas are highly recommended for radar scattering
measurements, The use of antenna tunnels readily reduce far out side lobes by
15 to 20 dB and, therefore, the net sensitivity of a system to such reflections by
30 dB to 40 dB. The reflectors used with reflector antennas for indoor scattering
measurements tend to be relatively small, accentuating spillover from conventional
feeds, An alternative antenna might be some form of the Bell horn if a proper
holding design could be found to permit ceitral axis feeding. The latter is very
useful because it permits ready rotation of the antenna for measurements st dif-
ferent polarizations.

The third kind of serious chamber reflections come from the back wall, at
which the transmit/receive antenna looks, and are due to two related causes, The
first is the obvious one which is that all of the transmitting beam that is not inter-
cepted by the scatter strikes the back wall and is reflected back toward the receiver,
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This can alsq create a standing wave over the model space as well as provide a
significant contribution to the background signal, The best cure is to use high
quality absorber on the back wall,

The second source of backwall reflection error is a little more subtle, 1t is
due to forward scattering by the scatterer under investigation, The forward
scatter of an object is generally much larger than the backscatter, and this con-
centrated beam strikes the backwall directly in line with the transmit/receive
antenna and scattering model, For a sphere in the optics region of scattering, 5
for example

- 2 ]
Otorward ° (ka)®(7a) {33a)

Tpack * (na®) (33b)

resulting in such (orward to backscatter ratios as given in Table 4,

Table 4. Forward Scatter to Backscatter Ratios for a Sphere

o
o, - 0(18(()) ) . (ka)2
a(0™)
Sphere Size Ip Sphere Size 9y

(ka) (dB) (ka) (dB)
3.0 9.5 15,0 23,5
5.0 14,0 20,0 26,0
7.5 17.5 25,0 28,0
10,0 20.0 30.0 29,5

This energy strikes the back wall and is partially reflected to the model where
it is again enhanced by forward scattering and returned to the transmit/receive
antenna, resulting in an error signal that can be relatively large under adverse
chamber arrangements and which is difficult to separate from the true signal that
is backscattered from the model.

5, Van De Hulst, H,C, (1957) Light Scattering by Small Particles, John Wiley
& Sons, Inc., New York, Chapt.
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The following analysis of signal strength at the receiving antenna due to the
forward scattered signal is approximate, but provides a simple estimate of errors
from this source,

3.4 Reflections from Back Wall

Three distinct properties of reflections from the back wall can have serious
eflects on measurements of scattercd fields, and the three will be examined in-
dividually in this section, The properties of concern are the amount of power
reflected to the receiving antenna with no scatter present, the field distortion
caused over the model space by backwall reflections, and the power returned to
the receiver from the back wall by way of forward scattering of the model,

3.4.1 POWER REFLECTED TO THE RECEIVER WITH
NO SCATTERER PRESENT

From Figure 7, the power density from the transmitter incidence on the back-
wall is

__BG,
i

= 5 (power incident on back wall) (34a)
4"(R1 + R2)

P

where Pt is the total transmitter power radiated by the antenna, Gt is the gain of
the antenna, R, is the distance from the transmit/receive antenna to the center of
the space to be occupied by the model, and R2 ig the distance from the center of
the model space to the backwall, Let the area of the backwall that is illuminated
by the incident beam be assumed to be elliptical, Then the axes of the ellipse are
given by (F(1 + Rz)ﬂA and (R1 + Rz)éB where OA and ¢B are the elevation and
azimuth heamwidths of the antenna. Generally, hall power beam angles provide
sufticient accuracy but 1/10 beam angles may be used for better results, The area
of the wall that is illuminated is

. . _ 2
(wall area illuminated) = ry (Rl + Rz) GA $p - {34b)

Power rellected by the wall to the receiving antenna is

PG,

x 2

P,G, (power density at transmit/
= 5 0,057, receive antenna from (34c)
16(4m(R, + R,) back wall)
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where rw is the power reflection coefficient per unit area of the wall, The power
absorbed by the antenna is

Pth).z .
¢
TleumiR, +R)E ATBW

0
1

' ’ (34d)

and
P 2,2
. G°A 8, gy T (received power from back wall, (34e)
Pt 16(4#)2(R1 + Ra)z A'B w no scatterer)

Note the 1 /R2 behavior that is a direct consequence of the wall's acting as an
extended scatterer instead of a point scatterer,

Rellections of this kind from the back wall are one of the principal coupling
mechanisms between the transmitting and receiving paths of a cw cancellation
scattering measurement systems, and the power described by Eq, (34e) is a
principal component of the background and leakage signal that must be canceled or
reduced, To obtain a feeling for the magnitudes involved in Eq. (34e) consider the
following example, namely a chamber with a total working length of (R1 + R2) =
10 m be used for measurements at 3 GHz (A = 0,1 m), Let the transmit/receive
antenna be circular and the largest one for which the conventional far tield cri-
terion can be satisfied in the chamber, Thus,

(Ry +R »n

2

2

Ry +Ry=2D°A , D= =0,707Tm .
Also, let the antenna be 60 percent efficient, As will be shown subsequently,

G=0,3 172(R1 + Rz)/)&. For simplicity, let the beamwidths be equal and given by
GA 2 dg = A/D. Eq. {34e) becomes

4 2,2
t 16{47) (Rl + R2) A
2 2
- {0,372 A
- (3%87) (B) ~, B4g)
P 2 -1
r _ 0.3’ 10 - ~4
-13: = ( 16 ) (——5 )FW = 6,94(10 )l"w . (34h)
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If 40 dB absorber is used on the backwall, then Pr/pt = 6. 94(10'8); for 20 4B
. absorber the result is 6, 94(10'6). It is interesting to compare this result to the
o _power returned by a sphere of ka = 20 placed at R1 = 8 m and also measured at
% - I'= 3 GHz with the same antenna. Inserting the appropriate numbers in Eq, (32)
= yields P /P, = 3.43(1075%), 'Hence, power recéived from the wall covered with
i 40 dB abscrber would not contribute significant error to measurement of a ka = 20
sphere with no additional cancellation; however, if 20 dB absorber were used at . 2
least 10 dB of cancellation would be required to insure no more than +1 dB error ’
in the measured results,

3,4,2 FIELDS OVER THE MODEL SPACE, NO SCATTERER

The incident power density at the model space due to the direct wave from the {
transmitting antenna is given by Eq. (34a) with (R, + R,) replaced by R,. The
power density due to rellections from the back wall is given by Eq, (34c) with
'(Rl + R2) replaced by R2. These lields are traveling in opposite directions and
produce an interference pattern over the model space with a standing wave ratio
(SWR) given by

' B G ‘/_PthOA¢BFw
ey VYT
47R 164mRE
SWR_ = (34)
Pt Gt pt Gt GA éB 1'.W
2 2
H 16(4mR

or

1+ 1/4(R,/R )JO r
SWR_ = [4R,/R) Y% 8" (34j)

m
1-1/4(Ry/R,) dp 0, T

where variations of l/R2 over the model space have been ignored and a subscript

on SWR is added to designate the model space, Equations (34j) and (34c) assume
the point where the power is to be determined to be in the far field of the illuminated
area of the wall., The most common situation occurs with the model space very
close to the wall, For this case a more accurate model is obtained simply by 1g-
noring the spherical spreading and assuming the wave from the wall to be reflected
to the model space simply as a planewave, In this case,
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SWRm £ l_ﬂ . | | (34k)
TV

In this case, if 40 dB absorber is used T, = 107 ana YT = 107% 50 that
SWR_ =1,01 = 0,17 dB, If 20.dB absrber were used, T, = 10° and
SWR,, = 1.222 = 1,74 dB,

3.4.3 POWER AT RECEIVING ANTENNA DUE TO FORWARD

SCATTERING BY MODEL

Let a scattering model be located in the model space at a distance R 1 from the
transmit/receive antenna, and a distance R, from the wall (Figure 7). The power
density from the transmitter is given by Eq. (34a) with R 1 replacing (R1 + Rz).
The power returned from the model directly to the receiving antenna is

(power density at antenna _ P, Gy °B

from model backscatter) (4m2R2 (35a)
1

where og designates buckscatter cross section, The power density at the wall due
to forward scatter of the model is

(power density at wall _ PG op
due to forward scatter) (41')2R2R2
172

(35b)

Again, since the model may be quite close to the wall and hence not in the far field
of that patch of the wall that is illuminated by the forward scatter lobe of the mode,
simple plane wave reflection is assumed. Hence, the power density at the model
due to reflection of the forward scatter by the wall is

(power density at model _ Pt Gt °F r (35¢)
after reflection from wall) ~ (4")2R2R2 w ' ¢

This wave again undergoes forward scattering, this time toward the receiving
antenna, The power density at the receiving antenna due to this source is

2
(power density at antenna  _ PG opTy (350)
due to forward scattering) (411)3R4R2

172
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The ratio Pr of this power density to the desired power density from the model
backacatter is

P, G, %‘Pw (4")2R§ °§‘ T
= . T —— — (35e)
roun’ R‘: Rg PG, op 2

P

As an example, consider the scattering model to be a sphere of ka = 20 located at
R‘.,1 = 1 m from the wall, From table 4, Op = 400 R and if the measurements are
to be made at 3 GHz, op = /%, Therefore,

1600 o .
Po= g Ty = 7 Ty " 40.89T,

For this example, 30 dB absorber would be sulficient to insure errors from this
source to be no larger than 1 dB, For a more general scatterer, that may have
higher ratios of op to og even 40 dB absorber may be marginal. The importance
of measuring the model at minimum values of R2 is clear from Eq. (35e), Also,
the desirability of using the best possible absorber near the center of the back wall
where illumination by forward scatter is strongest is clear,

Two methods of minimizing errors due to reflections from the wall are con-
tained in Eq., {35e), They are to reduce Pw and increase R2. An additional method
that is also related to reducing I‘W has been used with varying reported degrees of
success,

This method is to tilt the back wall so that the reflected energy misses the
model and antenna. In effect a null of the scattering pattern of the wall is directed
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along the central axis of the experiment, In fact, the success of this method de~
pends on the  reflection from the back wall being largely specular instead of diffuse,
The additional cost of including a tilting wall will be substantial because a movable
wall must have an independent supporting structure that is absolutely rigid and
vibration free, and the wall must have a mechanism for precisely controlling its
motion. Any vibrations introduced by the wall will limit cancellation levels that
can be maintained and the reduced cancellation levels that can be maintained can
easily introduce error limitations that outweigh reduced back wall reflections,
Also, the movable wall will not be useful for measurements that are to be made
over a program controlled set of frequencies,

A much cheaper alternative to the movable wall is to preserve the capability
of measurements with the experimental axis skewed with respect to the longitudinal

axis of the chamber, this is, with the model placed to one side of the other of the
center of the chamber,

3.5 Estimated Interference from Multipath Signals

This section contains a zeroth order approximate estimate of the maximum
strength to be expected at the central axis of the chamber from signals that are
reflected from the walls, floor, and ceiling, and traverse the model space,

The estimate can be made quite accurate by using bistatic scattering pattern
of the actual absorber chosen, and by using the actual antenna patterns at the fre-
quency of interest; the basic technique will be the same as used herein,

The appropriate geometry is sketched in Figure 8 where R is the direct dis-
tance from antenna to model, the wall-to-wall chamber width is w, the antenna
pattern angle is ¢, and the angle at which offending rays strike the absorber is 6,
Because of Snell's Law, the most prominent offending reflections will always occur
at points along the wall midway between the antenna and model, even when account
is taken of the actual diffuse nature of scattering by the absorber. For simplicity,
it is assumed that reflections take place from the base of the absorber,

HH A~ i
I NGy s, |
I P P w2 N3% l

~ }
] e
| %... S S — Y
i R/2 | R/2 |
I fwrz i
] | |
i { i
11} { {

Figure 8. Geometry for Estimating Multipath Reflections

41

P

b o W bl s air iy~ bR

T e

B 2B B et 1

e




IR Bt -SRI T O
> o T R NPy e T o T

e
P
f%v
708
T

N
A
S

A
2,

R
2

It Eo is the maximum field just in front of the antenna, the direct field at the

,.
T

model space is

T
ras pots ey
4

o = EJ/R (36)
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The reflected field at the model is approximately
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where ag is the ratio of the antenna field in direction ¢ to the field in the direction
of the main beam; @, is the reflection coefficient of the absorber at angle 0; and
R, is twice the distance from the antenna to the point of reflection, the distance

1
traveled by the reflected ray, The ratio of the fields at the model 1s
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ER = Eml/Eo = asaaﬂ/R1 . (38)

From Figure 8

R, = R 41 * (w/R) (39)

(57. % tan"! w/R)° (40)
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0 = 90° - (57.3 tan"t w/R) 41)

Therefore

R/R1 S cesemoguemmsey (42)

and

S (43)
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- - . " 2
LRdB = anB*aadB—iﬁ log §1+ (w/R) (44) .
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Where ®%3dB is simply the value in dB of the antenna pattern at angle ¢ and 4B is

the absorber reflection coefficient in dB at angle 6 = 90° - 4.

The theoretical pattern of a circular antenna with uhiform illumination is given
by Eq, (13). IndB,

JI(WD/K + sin q))]
. (45)

aS = 20 10g ETC =20 10g [ (ﬂD/R . 8in ¢)

For convenience this function is graphed in Figure 9,

optlllfrlvl"_
- -
- -
-0
8
-20
-30

0O 2 4 6 8 10 12
(wo/ksme)

Figure 9. Theoretical Pattern-Circular
Aperture Uniform Illumination

In the worst case, reflections from both walls, the ceiling, and floor would

all arrive in phase at the model. In this case Eq, (43) is multiplied by 4 and Eq.
(44) becomes

Eggp = 12tagggtayp - 10log (L + w/R)?] (46)
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As a function of R the worst case will occur when R is largest because this is when

the angle ¢ corresponds to the closer-in side lobes that are higher, and when the
angle of incidence on the absorber is furthest from normal,

For the following examples, R = 30 ft and w = 18 ft, The attenuator factors
are taken from the following section, With these values of R and w, for all of the
calculations,

¢ = tan"> 18/30 = 31° , sin¢ = 0.5150

6 = 90° - ¢ = 59°

20 log Jl +(w/R)% = 1,34 dB

Equation (46) is used for the examples,
Examples:

1, t=1GHz, D=3 ft

7D ~ - . - - ..
N sing =4.85 XgqB = 19 dB, 4B ° 25 dB, ERdB = «33,3 dB

2, 1=2GHz, D=31t A=0,402ft

D ) . ..
Psing=9.80 agyp=-28dB, a = -42dB, Ep,p = -51.3 dB
5. 1=4GHz, D=1.50t, A=0,246 It
D sing - 9,86 = -28 dB = -42 dB, E_ .\, = -59.3 dB
x sine =9, -V ) : » B ~ » “RdB © "%

4, 1=10GHz, D=1,01f, X =0,0983 ft

Rsing = 16,46 a4y = -35dR, a yp = -48dB, Ep,y = -72.3 dB

Even under conditiuns of relatively diffuse scattering from the absorber there
should be combinations of R for which ¢ is at the antenna pattern nulls and for
which ER dB is very low. This may be an especially important consideration for
obtaining high quality results with relatively large, low cross section scatterers
at frequencies near 1 GHz.
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3.6 Absorber Characteristics

If the use of sophisticated chamber design for scattering measurement systems
is ruled out by arguments of versatility, the remaining questions center on the
choice of absorber to be used to line the floor, ceiling, and walls of the chamber,
To provide a basis for these choices the characteristics of current state of the art
pyramidal absorbers are briefly examined in this section.

Figure 10 shows reflectivity in dB at normal incidence as a function of absorber
thickness for typical pyramidal absorber at 1 GHz., Reflectivity values are relative
to the reflectivity of aquare metal plates and the curve is based on a composite of
data from the literature of several leading manufacturers of absorber,

% -30 F

- 5

g A FsI1GHZ

s \

S-50+ 00~ 0O

§ -60 1 1 i 1 i 4 A -
20 40 60 80 100 120 140 160

¥ ABSORBER THICKNESS (INCHES)

Figure 10. Pyramidal Absorber Reflectivity (Normal Incidence)

The most striking feature of Figure 10 is the large increase in thickneas that
is required to obtain significant reduction in reflectivity beyond -40 dB at 1 GHz,
An 18 in, thickness provides a reflectivity of -40 dB at 1 GHz, but to obtain a 5 dB
improvement requires 36 in, absorber and to obtain a 10 dB improvement to
<50 dB requires an increase in absorber thickness to 70 in, to 72 in.

Wide angle behavior of pyramidal absorber is summarized in Figure 11 which
showa reflectivity in dB as a function of absorber thickness in wavelength, Again,
the curves shown are based on composite data so do not apply to anyone specific
absorber but rather indicate what typically might be expected. Also, i any given
situation there will probably be polarization differences in the reflectivity and these
differences are not reflected in the averaged curves of Figure 11,
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As might be expected the greatest deterioration in reflectivity with angle occurs
at lower frequencies for a given absorber thickness, Thus, the reflectivity at
1.0 GHz with 18 in. absorber changes from -40 dB at normal incidence to about

-20

INCIDENCE ANGLE T
(DEG FROM NORMAL)

_ =30}
@
)
E
2 -40F
5
4
t
& -sor
-60 P -
Ao - 1 i1 | . i - |
0O ® 0 0 90QQ0 Q00 © Qoo
- = & ®M €0V o g 9838
ABSORBER THICKNESS IN WAVELENGTHS
Figure 11, Wideangle Reflectivity—Pyramidal Absorber

-16 dB at 70° incidence.

As shown previously, serious reflections from walls and floors in a chamber
of about 10 m length and 6 m width would occur at angles of incidence to about 60°
and allowing for diffuse reflections, to about 70°, Based on Figure 11, the use of
24 in, absorber on the walls, ceiling, and floor would insure reflectivity no higher
than -30 dB for frequencies of higher than approximately 3.0 GHz, and reflectivity
of -40 dB or better for frequencies higher than approximately 7,4 GHz,

For convenience, reflection coefficients for 18, 24, and 36 in, absorber at
incident angles of 0°, 50°, 600, and 700, for 1,0 GHz are summarized in Table 5
and typical values at normal incidences for a range of frequencies are summarized

in Table 6,

& et B o
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Table 5, Approximate Pyramidal Absorber Reflection
Coefficients at 1 GHz

Reflection Coeflicients
Incidence {in dB)
Angle 18 in, 24 in, 36 in,
0° (normal) -40 -40 -45
50° -25 -30 -40
60° -22 -25 -30
70° -15 -18 -22

At higher frequencies where a given absorber contains more wavelengths, rellec-
tion coefficients remain good out to even 70°, At X-band where the wavelength is
approximately an inch, the reflection coefficient would be approximately =<0 dB at
70°,

Table 6. Normal Incidence Frequency Behavior, Pyramidal Absorber

Thiowness Frequency Band (dB)
18 -50 -50 -50 -50 -45 -40
% -50 -50 -50 -50 -50 -40
36 -50 =50 =50 50 =50 45

There are several additional basic considerations in absorber choices. The
first is that use of thick absorber with improved reflectivity levels also reduces
the usable measurement space in a chamber of finite size, and by moving the walls
closer to the scatter, the advantages of path length attenuation are reduced. The
end result can well be no better ihan having a thinner absorber placed further from
the scatterer,

The second consideration is that significant improvement in wide angle reflec-
tivity might be achieved by mounting the absorber at 45° angles to the horizontal or
vertical. That is, instead of aligning the standard 2 X 2 ft sections with their edges
parallel to the walls and floor as is common practice, align them at 45° to these
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surfaces. When radiation from the antenna falls on the pyramids from other than
normal incidence, the energy tends to strike the flat surface of the pyramids in the
usual mounting configuration, These flat surfaces are not particularly good
absorbers and multiple absorbing reflections are discouraged with this orientation
of the absorber, If the absorber is mounted at 43° orientation, energy incident at
wide angles will tend to strike the corners of the pyramids and be absorbed by
additional rﬁultiple reflections between the pyramids,

4. TRANSMIT/RECEIVE ANTENNAS

The gain of a reflector type of antenna is given by4 (Chap, 7)

G = ——% 47
where A is the ellective area of the reflector and A is the wavelength, Typically,
reflector antennas are about 60 percent efficient because of spillover from the

feeds and power tapers across the apertures to improve side lobes, Assuming
60 percent efliciency,

G

_ 47(0,6)A

A

where A is the physical area of the reflector, For a circular reflector of diameter

A== (49)

and the gain becomes
G=0, 6!2(1)/)02 (circular antenna 60 percent efficient) . (50)

The antenna far field is given by the same relation as the conventional scattering
far field,

R = 2D%)2 (51)

Based on the conventional far field criterion, the largest antenna that can be uti-
lized over a range R is, from Ey, (51)
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D= Y% . (52)

N

Inserting this value of D into Eq, (50) yields

‘ G = 0.372(R/N) . (53) ’

The point is that if the antenna must be a distance R from a scattering model
& to measuré in the far field of the model, the largest antenna that can be used,
subject to the usual far field criterion, is given by Eq, (52) and has a gain given by
Eq. (53) or Eq. (50).

o

~ Since the fav lield criterion of the antenna and the scatterer are the same, it
follows that the antenna defined by Eq, (52) is equal in size to the scattering model,
' An antenna equal in size to the scattering model is also an optimum antenna to
A be used for scattering measurements under conventional far field criteria, The
reason is that if a larger antenna were chosen, R must be increased beyond the

i minimum required by the model and the received power, Eq. (25), will be reduced
, by a factor of k4 where the far field distance, R, required by the larger antenna is
given R1 = kR.). If a smaller antenna is used, the receiver power will be reduced
through the G™ term by a factor of K® where the smaller antenna is related to the
4 optimum only by D1 = kD because R in this case is determined by the model and

1 cannot be reduced by use of the smaller antenna. The optimum antenna, equal in

4 size to the scatterer, in effect minim’zes R, the most gensitive term in the power

relation,

Equation (19) shows that for a uniformly illuminated circular reflector antenna
having a diameter D equal to the maximum model dimension L, the lateral distance
between half power points of the beam int = 2 L, twice the model's maximum
dimension, With the aid of Eq, (15) it is easy to show that for a model perfectly
centered in the antenna beam so that it extends between ! = i‘- where x = uDO/X,
the incident field will be down by -0, 71 dB at the ends of the model for a total
variation over the model of #0,35 dB,

An expanded graph showing the first 3 dB region of the pattern of the uniformly
illuminated aperture of Figure 9 is shown in Figure 12 to illustrate the field varia-
tion to be expected in the central region of the beam, In effect, Figure 12 defines
the accuracy with which a model must be located within the beam, For example,
for a variation no greater than +1/2 dB of field over the model space, the model
must be included in a region of approximately £0. 6 D of the center of the beam,
Similarly, for the field to be constant within £1 dB, the model must be within
10, 84 D of the beam center,
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The following comments apply to an antenna with uniform illumination,

If an antenna is used with D larger than the optimum by 2 and the same range
distance R is retained, the lateral distance between the half power points is /2 L;
if the antenna were taken to be twice the optimum, the half power distance at the .
model space would be just equal to L, resulting in a field variation of 3 dB over a
pertectly centered model.

Any taper across the antenna aperture will result in wide beams and hence, in
larger 3 dB distances,
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Figure 12, Lateral Field Variation at R = 2D2/x

4.1 Practical Approximations to the Optimum Antenna

The use of an optimum or even near optimum antenna for each scatterer to be
measured implies the ready availability of a large selection of single or pairs of
antenna assemblies, and this is usually not practical from a cost point of view,

T 2 antennas for scattering measurements must be as rigid and vibration-free as
possible which means they are high quality antennas with high quality feed and
antenna mounting assemblies; hence, they are expensive., In addition, there is a
limited number of reflectcr sizes that are commercially available within the
appropriate range of sizes,

The typical situation at a scattering measurement facility is that a limited set .
of antennas is available and that measurements of all models must be carried out
with this limited set, The purpose of this section is to illustrate the salient com-
promises that result from the typical situation.
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Consider a facility operating from 1 GHz to.40 GHz with a chamber having a
maximum usable range of R = 32 It and focus attention on maximum model sizes
that can be handled. Let the optimum antenna be approximated by three sets of
reflector antennas having diameters of 36, 18, and 12 in, respectively. These
three antenna approximation to the ideal is shown in Figure 13 over the 1 to 40 GHz
frequency band, Note that the curve for the optimum antenna of Figure 13 is also
. the curve for the largest model that can be used with a variation of no more than

40,35 dB in the incident field over the model,

The principal question is how the use of a limited set of antennas of fixed size
affects the lateral working distance at the model space, in this example, at a meas-
urement distance of R = 32 ft, Assuming circular apertures with uniform tllumina-
tion, half power beamwidths are given by Eq, (19a) which becomes

':}5
3
k!

1 = R/(tD) (54a)

oo s e bl i

with lengths and distances in {t and frequency ! in GHz, For the present example

¢ = 32/(D) . (54b)

LT SR

For the optimum antenna £ = 2D as shown by Eq, (19b),

Lateral half power distances calculated from Eq. (54b} for the three antennas
ol 36, 18, and 12 in,, diameters and for the optimum antenna are shown in Fig-
ure 14,

In general it is advantageous to choose matched antenna and feed sets so that !
the feeds for various {requency ranges can be easily used in any of the reflectors, :
Thus, for example, the smaller antennas are useful at lower frequencies for
smaller scattering models that can be measured at shorter ranges, Again it is
emphasized that the antenna reflector, the feed, and the mounting arrangement
should be absolutely rigid and vibration free, Although the above discussion has
been in terms of reflector antennas, lens antenna, and horn lens combinations are
also very useful for scattering measurements, The results as outlined generally
apply to these types as well, Once specific antennas have been chosen the actual
beamwidths of the chosen antennas can be utilized to construct a graph such as
Figure 14,

A properly designed set of reflectors and feeds offers the possibility of varying
the focus, and this feature can sometimes be quite useful, For example, defocusing
will result in a wider beam and hence a larger region with less field variatioa over
the model space. Similarly, for small models with low cross sections, focusing
the larger antennas at short measuring ranges in their near fields can sometimes

be advantageous by increasing the field concentration over the model space,
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4.2 Tunnel Antennas

Significant improvement in the performance of all of the smaller antennas can
be achieved by litting them with tunnels, and it is recoimmmended that this be done.
The tunnels should be electromagnetically sealed at the rear, either to the rim or
rear of the reflector or, in case of centrally fed antennas, to the waveguide feed,
The principal effect of the tunnel is to reduce spillover, Thus, the use of a tunnel
significantly improves ability to maintain background cancellation, The reason is
that the spillover energy corresponds to far out side lobes in the far field antenna
pattern, These far out side lobes extend to 90° and Irequently further from the
main beam direction, When the antenna is used for scattering measurements, this
energy in the far out directions strikes nearby objects and is at best partially re-
flected back to the antenna, Since these reflecting objects are nearby, the 1/R
losses are small compared to those from the scatterer under investigation, The
antenna is therefore tightly coupled to these nearby objects through its far out side

lobes and the slightest movement of these scatterers relative to the antenna destroys
the background cancellation, Reduction of the far out side lobes reduces the im-
portance of nearby reflections to the balance,

A cheap method of constructing antenna tunnels for small round antennas con-
sists of using thin absorber of the AN/75 family and purchasing sections of chimney
or vent pipe equal in diameter to the reflector diameter plus twice the absorber
thickness., The absorber and reflector are then litted inside the pipe. The reflec-
tor can be held in place by screws or longer bolts passing through the pipe and the
rim of the reflector, The pipe can be sealed at the rear with heavy duty aluminum
foil and conducting aluminum tape, Interior supports for the aluminum foil, or a
metal cover that is stiffer than the aluminum [foil is recommended, The distance
that the tunnel extends beyond the antenna face depends on the diameter of the
antenna and the particular absorber that is used, and is best determined experi-
mentally because the actual extension chosen usually represents a compromise
between reduction of the far out radiation and slight decreases of gain and slight
beam broadening that also occur, Typical useful extensions have been found to be
approximately 7 to 8 in, for a 12 in, dish diameter and 4 to 5 in. for a 6 in, dish
diameter at 10 GHz,

Typical results of using a tunnel of the type described above with a 6 in, dish
and double dipole feed at 10 GHz are shown in Figure 15 for the tunnel extending
about 4 in, beyond the reflector face, For the H-Plane patterns that are shown,
this extension results in approximately a 1 dB loss of gain and an increase of
approximately 25 percent in the 3 dB beamwidth but significantly reduces all rad-
iation at angles greater than approximately +60° from the main beam.
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Figure 15, Results of Using Tunnel to Reduce Far Qut Radiation (H-plane
pattern, 6 in, reflector with double dipole feed, f = 10 GH2)

§ 5. MODEL SUPPORT STRUCTURES

The model support structure consists of three parts: _the mount, the polyfoam
column, and the mounting saddle, Model supports other than polyfoam columns
are used, 6 particularly for very heavy or very small models, but polyfoam columns
are so common and convenient that the present discussaion will be confined to them,
A typical model support structure as it might be used for radar scattering meas-

SR e

urements is shown in Figure 16,

In order to accommodate a wide variety of model sizes and weights conveniently
as well as experiments at widely differing frequencies, a multisection column with
interchangeable sections is suggested by Figure 1.i. For example, a 4 ft model
for 1 GHz measurements might easily weight 100 ib and require measurement at
the chamber center height of 9 to 11 ft, whereas a 4 in, model for measurement
at 10 GHz to 40 GHz is more likely to weigh less than 1 1b and be more conveniently

6, Freeny, C.C. (1966) Target support parameters associated with radar reflec- .
tivity measurements, Proc, IEEE 53:929-936,
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Figure 16, Typical Model Support Structure

measured at a height of 4 to 5 ft, In addition, flat surfaces of polyfoam must be
kept to a minimum in the immediate vicinity of the maodel for reasons to be dis-
cussed shortly, The sectional column approach permits measurements at all
frequencies to benefit from the relatively large investment that is required for a
precigion mount and its controls, If measurements are anticipated involving very
heavy models as well as small ones, the additional cost of acquiring two mounts of
different size and capability will usually be rapidly recovered in convenience that
leads to reduced measurement times, The average reduction in time per measure-
ment may be only 2 to 3 min, but it typically involves at least two people and is
repeated many times each year so that the cost saving rapidly multiplies,

Sections of the polyloam column can generally be fitted together by turning
the cavity and extensions of adjoining sections in a lathe, The fit must be good
and it is a high wear connection but changes are not made very frequently.

The overriding requirement of the entire model support structure is that it be
Iree of random waobbles if the system is to be used for measurements of phase. At
10 GHz, for example, the wavelength is 1, 18 in, and one degree of phase corre-
sponds to 1,18/360 = 0,0033 in, While a random wobble of £1/16 in. will have no
measurable effect on power or amplitude measurements at 10 GHz, it would intro-
duce an error of 2 (0, 0625/0, 0033) = #38° in measurements of phase. The factor
of 2 is introduced because of the two way path, At 40 GHz, the phase error intro-
duced by a 1/16 in, wobble is four times as great or £152°,
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5.1 The Mount

The principal requirements of the mount are (1) that it be capable of handling
the heaviest models to be measured, (2) that it be capable of precision control of
at least 0,1° in azimuth, (3) that it be fitted with wheels or castors for easy move-
ments in at least two orthogonal directions, (4) that it be rock steady when locked
in position, and (5) that it be compatible with control and data processing equipment
that will be used. A number of commercially available antenna testing mounts ful-
fill these accuracy requirements and are available in a wide range of sizes, In
addition they are designed to interface with a wide assortment of data handling
equipment from traditional analog pattern recorders to sophisticated computers
that provide both programmed control of the mount motion and programmed real
time manipulation of the data. Generally, the more automated mounts are most
cost effective when a large number of basically repetitive measurements are antic-
ipated,

The precision rotation capability is required for measurements at high fre-
quencies and measurements of phase, Consider, for example, the measurement
of a 1 ft scatterer at 40 GHz. The scatterer will be essentially uniformily {llum-
inated. If the scatterer is a circular metal disk the half power beamwidth of its
principal backscatter lobe will be given approximately by 1/2 of the beamwidth of
a circular antenna with uniform illumination, Eq, (14b), With f = 40 GHz, X =
A =0,295in,, and 1/2 61/2 = 0,72, This is the tote) angle between half power
beamwidths of the principal backscattered lob. Clearly, a mount with azimuth
control accuracy of 0, 1° is barely adequate for such measurements. The phase
tends to be relatively constant across principal lokes but to change rapidly near the
edges of the beam. If the phase is to be sensibly tracked at all through these re-
gions the mount accuracy must be at least 0, 1°,

5.2 Basics of Polyfoam Columns

Columns of foamed polystyrene are the most widely used supports for scatter-
ing models of up to a few hundred pounds in weight, Foamed polystyrene has a
very low relative dielectric constant ranging from about 1,02 to 1, 10 therefore low
backscattering, although as will be shown, the backscatter is by no means
negligible,

If experiments are centered vertically in the chamber, the required column
supports could easily be as much as 7 [t long to extend from the top of the mount
to the vertical center of the chamber less half the model's vertical thickness so
that the model is centered in the antenna beam. In addition, columns of several
different thicknesses would be convenient to accommodate both large and small
models, Unless a completely new column is to be used for each different model,
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a section of about 1 ft in height should be replaceable because the top of the column
will generally require special shaping to hold each different model,

Thin foamed polystyrene columns tend to bend even under their own weight if
they are more than 18 to 24 in, in length, Therefore, the complete column might
be fabricated in sections to permit a sturdy low cross section base and use of a
thinner upper section for sinall models, Several designs are possi.ble of which a
typical one is shown in Figure 16, Ultimately, having several columns that can be
interchanged on the mount base for different classes of measurements will prove
to be very convenient,

The foamed material generally comes in blocks and the columns must be cut
and turned from the blocks and planks, Procedures have included rough cutting
with a saw and final turning on a lathe with sandpaper as the cutter, and cutting with
a hot wire saw, The material generally dulls regular lathe cutting tools too rapidly
to make their use practical, Also, the columns tend to bend away from the force
of a cutting tool,

The columns must be absolutely circularly symmetric and mounted in the cen-
ter of rotation of the mount, One method of achieving centering of a smaller column
has been a series of guy strings attached to the column and a broad mount base at
120° angular intervals, The reason for the required centering care is that even
through backscatter from the column is small, it eventually becomes the dominant
term in the background signal as other sources of background scattering are can-
celed, Any forward or backward motion of the column as it revolves through a
pattern can disturb seriously the cancellation level, A digital cancellation scheme
that subtracts the background signal from the target signal might reduce these
tolerances and would be feasible if the facility were equipped for storing the signal
phase and amplitude on tape for later computer processinyg, or if the facility were
equipped for real time data manipulation with sufficient storage.

In so far as practical it is recommended that experiments be centered vertically
below the vertical center of the chamber if vertical centering requires a ladder or
steps to reach to model, This might be practical at frequency bands from about
8 GHz to 12 GHz and higher, The lower centering of the experiment simplilies
fabrication of the column and significantly reduces the physical effort of placing the
model on the mount and removing it from the mount, if the experiment permits the
model change without the use of steps, In the course of a good day of data taking
the process of placing the model on the mount, removing it, placing a reference
scatterer on the mount, may be repeated several hundred times and climbing even
three or four steps to reach the top of the mount each time is very tiring by the
end of the day.
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5.2.1 COLUMN DIAMETER VS MODEL WEIGHT

A conservative relation that defines the diameter of a polyfoam column of
height h to support a weight W 137

d = 8(h/m 3w /rE) /4 (54)

where E is the elastic modulus and a factor of 2 has been added for safety, A con-
servative value of the elastic modulus for styrofoam is 1500 psi,
As an example, W=251b, h=8 1t

1/4

/
a=806/mY/% ()" 1o,

5,2,2 BACKSCATTER-CYLINDRICAL COLUMN

The following argument {8 very approximate but it is simple and works quite
well, Polyfoam has very low losses, Therefore a plane wave incident on a column
of polyloam is reflected from both the front and back surfaces and the reflections
are about equal in amplitude but the reflection from the back surface has a phase
lag approximately equal to the total electrical path through the material, Assume
the front and back surfaces to be planar, Then8

jzde'e|2

alo) = 3 kdh? |1 - j e IR(o) 2 (55)

where d is the column diameter, h is the length, and R is the reflection coelficient
for planar surfaces at normal incidence,

R=Ye b o yige -1 (56)
Je +u
sincey * land (e - 1) « 1,
kdh? 2 .
clo) = = (e - 1) {1 + 2 sin [2kdVel} . (57

7. Knott, E,F, and Senior, T.B,A. (1964) Studies of Scattering by Cellular Plastic
Materials, Report No. 5849 -1 -F, The Radiation Laboratory, Univ, of Mich,,
Ann Arbor, Mich,

8. Senior, T.B.A., Plonus, M.A., and Knott, E.F. (1964) Designing foamed

plastic target supports, Microwaves, 38-43.
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8 kdh? 2

io. Omax = 8 € -1 (58)
;“ when

oy

i 2kdve = (4n+ 1) 7/2 (59)
¥

-

0,3(4n + 1)

T et (60)
: where is the frequency in GHz corresponding to a maximum, and d is the E

max
column diameter in meters,

Equation (57) also has a minimum of zero when

2kdve = (4n - 1) /2 (61)
or
min ° 2—%—:%—1-) . (62) 4
Typlcal o . for columns are given in the following examples: !
h=8M, €=1.05 d=14in, %
fay = 1939 GHz, o, = 0,14 m® = -8,42 dBSM j

with the same column but lower dielectric = 1,02,

fmax = 10, 55 GHz, Omax ° -11,8 dBSM
The most significant point from Eqs. (57), (60), and (62), is that the column can
be tuned to yield a minimum backscatter cross section at an infinite set of fre-
quencies, and at higher frequencies successive values of lmin are reasonably close
together. Several of the adjacent minima of the preceding example, lor example,
are (from Eq. (62))

LA mhnsy

fin = 873, 9.36, 9.57, 9,99, 10,41, 10.83 GHz .
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Although Eq. (57) was derived for normal incidence, it holds approximately
over a small angular interval near normaliso that it generally applies to all of the
column that is within the antenna beam,

The values of fmin' calculated or measured, are those values at which back-
scatter contributions from the column will be an insignificant part of the total
background signal,

5,2,3 BACKSCATTER-TRUNCATED CONE COLUMN

For heavier models, the truncated cone is very useful form of column, It is
also a useful column form for the bottom portion of a sectional column, The ques-
tion becomes what cone angle to choose, A very approximate analysis yields sim-
ple and useful results, If the backscatter from the finite cylinder is considered
not more than (for example) 30° from normal, the backscatter can be represented
reasonably in product form, That is, the broadside backscatter of the column is
multiplied by a pattern factor, Using the worst case of a broadside maximun,

Eq. (58), and the standard column scattering factor

2 2
o(6) = KL (¢ . 12 [___.___—3‘“ (kh sin 9’] : (63)
(kh sin 6)

This function has zeros, or minimum in practice, when
0 =sin"? [%] , N=1,2 ... . (64)

Thus, in addition to tuning its thickness, backscatter from the column could be
reduced by tilting the column, Tilting the column is not practical but the next best
thing is to tilt the forward surface that is in immediate contact with the wave,
Doing this over 360° leads to the truncated cone, Scattering from the sidce of the
cone can be further reduced by serrating the sides of the cone,

5.2.4 FORWARD SCATTERING FROM POLYFOAM COLUMNS

Although polyfoam has very low relative dielectric constants at microwave
frequencies and low backscatter, the specular forward scattering near grazing
incidence is very large, a condition frequently overlooked in the use of polyfoam
as supports both in antenna experiments and in scattering experiments. The
result is that often more polyloam is better than less,

Consider the Fresnel reflection formulas for a plane surface. Let Oi be the
angle of incidence measured from normal, and assume perfect dielectrics, Then,
see Kerr, Chapt, 43
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2
£ p . .Ei= cos 6, - Jea/el-sin 8, (652)
L H E
b cos 6, + Je 13 - sin® 0
i 2/"1 i
. E

2
€,/e, co8 8, - Ye,/e, -8in" 8
2'°1 i "2 1 i . (65b)
2
L €5/ cos 0, + Jez/el-sln 8,

<
o]

Let medium 1 be air and medium 2 be polyfoam, Let -‘9! - 90°, grazing incidence, ‘
Then '

Ty = Pv = -1 , (65c)

Note that Eq, (65c) is independent of E and.: therefore, at these grazing angles, the
polyfoam might just as well be a sheet of metal (in at least one polarization), Also
note that Eq. (65c) extends over a small range of angles near 90°,

From a practical view for scattering measurements, Eq, (65c) means two
things. The first is more bad news about reflections from the back wa'l, The
second is that a flat surface ol polyfoam of even a few square inches should never

be permitted near the scattering model if there is any possibility of forward scat-

tering at grazing incidence falling on the model, Worst case examples include

conespheres, ogives, prolate spheroids, or even spheres placed on {lat column
tops or slightly buried in flat sheets of polyfoam, The interfering results are
easily measured at X-Band with spheres below ka's of about 1 to 2 where measured

cross sections vary by 1 to 2 dB depending where the sphere is placed on columns
having top diameters of 4 to 5 in,

The preceding discussion has been carried out in terms of polyfoam but all

z materials have a similar behavior, An absorber, for example, is commonly used

- to prevent reflections from the metal parts of the mount base as shown in Figure 16,
n The absorber is typically mounted on a thick plywood base that is fitted with legs
A to facilitate adjustments, In situations where the model is mounted only 4 to 5 ft
above the floor or where the model has supporting structural pieces that must be
shielded from the incident field, particular care must be exercised to insure that
flat surfaces of the absorber pyramids do not forward scatter onto the model space,
This is a siutation where even a crude probing of the field with the shield in place
can vay high dividends by resolving mysteries of variations in the measured data,
Figure 17 shows the results of such a field probing when a shield of 18 in,
pyramidal absorber was placed about 2 in, below the column top where a small
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Figure 17, Variation of Power Over Model Space Due
to Forward Scatter from Absorber Shield

model was to be located for measurement. The objective was to cover a small
motor that was used to vibrate the model, The measurement frequency was 10 GHz
and the scattering probe was a 5/8 in, diameter metal sphere, The sphere was
suspended on a thin monofilament fishing line that in turn was hung over a polyfoam
block setting atop the column., Half-inch spaces were marked in black crayon on
the line and a corner of the polyfoam block was used as a position reference, With-
out the shield in place there was essentially no variation in the field over the region
that was measured. As can be seen from Figure 17, the presence of the shield .
caused va: iations of as much as 8 dB even at distances of 8 in, or more above the

shield,
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6. RF POWER SOURCES
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The principal requirements of an rf pow}er source for a CW scattering meas-
urement facility are that (1) it cover the correct frequency range, (2) it produce
sufficient power, and (3) it have sufficient frequency stability and a sufficiently
pure spectrum to permit useful cancellation levels to be maintained over the meas-
urement times, In addition to the above, there are many applications for which an
automated capability is advantageous and this imposes an additional requirement
that the power source be compatible with the control equipment and other equipment
with which it must interface,

o
2%

s

The power requirements for a given sat ol measurements are easily determined
from Eqs, (25), (28), or (32), The frequency stability requirements are not so
easily stated, but the basis can be found from examining the CW cancellation proc-
ess,

6.1 Cancellation Requirements

Let two signals that have traveled over different paths and through different
components but that originate from the same source be brought together at the
junction of a hydrid tee and their difference be observed in the difference arm of
the tee, In general, each path has a different number of wavelengths and compo-
nents whose rate of change of phase and attenuation with frequency differ for even :
small changes in frequency. 3

Let the two signals be represented as

R

ey - A cos (wt + éA)

sy

eg = B cos {wt + d»B) {66)

where A and B designate, respectively, the two different paths, The net difference
signal is

o St b &

e = A cos (wt + d»A) - B cos (uwt + ‘B) (67a)

= Alcos (ut +¢,) - B/A cos (ut +dp)l . (67b) 5

[T

Let the amplitude of the B-path signal be adjusted so that it differs from A by
only a small amount A, Then

B=A+4A , (68a)

>
[H
-
+

L4 14

e b
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and

[cos {wt + ¢ A) - cos {(wt + éB) - ﬁ- cos (wt + ¢B)] (68b)

Hio

-[2 sin 1/2 (2wt + ¢A + ¢B) sin 1/2 (éA - ¢B) +§ cos (uwt + qu)] . {68c)

For e to remain below some desired level over a measurement time, the dillerence
(6, - ¢B) and the ratio % must remain less than levels determined by Eq. (68c)
for the measurement times, The maximum value of the coefficient of each is 1,
Using this maximum or worstcase value and small angle approximations,

eap = 20 log =20 log (4, - éB) + %l (69)

g
A

To illustrate the magnitudes involved in Eq, (69) consider the following examples.
For simplicity, lirst consider A = 0, Then if it is desired that e dB remain below
=100 dB over a measurement time, the phase difference (¢ - ¢ ) must remain
less than 0, 00001 radian or 0, 00058° over this time period. Slmilarly for edB
remain less than -80 dB, (é - ¢ ) must remain less than 0, 0001 radian or

0. 0058 . (i (é - é )=0, for a cancellation level of -100 dB A must be less than
107 and for a cancenatlon level of -80 dB A must remain less than 10 4

6.2 Frequency Stahility Requirements

In a typical CW cancellation system the components of background signal cover
the complete range between two extremes, On the one hand, there are directly
coupled signals of relatively high amplitude but having a path length nearly equal to
the path length of the signal used for cancellation. On the other hand, there are
signals of much lower amplitude but that have traveled to the back wall and back
and therefore have path lengths much greater than that of the canceling signal, For
the latter components, long line elfects increase frequency stability requirements
as will be shown.

The fundamental concern with frequency stability is that it be sufliciently good
that it is not the limiting factor in achieving and maintaining cancellation levels,

The following discussion is almed at cancellation at rf, Let two signals be
derived from the same transmitter at a directional coupler., A subscript A denotes
the signal that has traveled through the transmission path and ¢ A designates the
total phase of this signal from the separation point, Similarly, a subscript B
designates the reference cancellation signal that travels over a controlled path a
through an attenuator and phase shifter that introduces an adjustable "trimming"
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phase d’C‘ The total phase of signal B except that introduced by the phase shifter
is ¢B‘
At the difference terminal of a hybrid the net signal is

6A=Acns (wt+d)A) . OB=Bcos (wt+¢B+¢C) (70a)

e = A cos (wt+¢A) - B cos (wt+¢B+¢C) . {70b)
Adjust the attenuator so that B = A, Then
e = Alcos {ut + ¢A) - cos (wt + op + ¢C)l (70c)
=24 sin 1/2 (ut + ¢y +ép +60) sin 1/2 (9 -ég -9c) - (70d)
Clearly, e = o when
¢y = ég = 9c = 207 (70e)

The phase terms are

28l anl

¢A = —-_‘AA = __.Ac r (713)
2r 21 L,

ép ° —:—E - —38 ¢ (71b)

where for simplicity an "adjusted" length Z has been introduced to represent the
free space path plus an adjusted path through transmission lines so that the free
space propagation constant, ¢ = 3 X 108 m/sec can be applied to the entire path,
The frequency is [,

Let the frequency te changed slightly from [ to [ + Af. The new phases become

ond a2 on X
. i i A, Af
é‘A = éA +66A = ¢ (f+ Af) - P f+ C f f (72&)
. = ¢, +o, & (12b)
A A °
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Similarly,

8y = bptobg = bptop & (12¢)

8h = b+ 80 = bc +oc F (12a)

ot

¢:A-¢:'B'¢'C=(¢A -¢B'¢C)+(¢A '¢B-¢C) T
With adjustments as originally set for complete cancellation, Eq, (70) gives

¢y = b - ok = 2n7 + 2n7 &L (73)

Note that in Eq, (73) the integer n functions as a counter that counts the num-
ber of phase cycles by which ¢A and ¢B differ since ¢C is a trimming phase that is
adjusted to make the (¢ A" ¢B) difference in integral multiple of 2,

The question now is how much the Af frequency upsets the cancellation level,
From Eq, (70d),

sin 1/2 (¢}, - 6L - ¢L) = sin (n7 + o 4F (742)
= £ 8in (nw %—r (74b)
% & (n7 Af/1) (for small angles) . (74¢)
At maximum uncanceled condition
e?-4p-p (15)

where P, is the power to be canceled. The second factor in Eq, (70d) is time de-
pendent with a maximum of +1. Therefore

lel? = P, lsin 1/2 (8}, - o3 - 61| (762)

= P_|sin (a7 at/n|? | (76b)

68

e St e St e B B O o Ol P mvess s it




.
X e 5% K WP

Wm

Let

s -

E4p = 20 log |e]

x Then

,g_

; . €dB =P gp * 20 log| sin (n7at/n)| (77a)
* P gp* 20log (nmat/n (77b)

Consider three extreme examples:
1. Let paths A and B be essentially the same, R = 1, but the power to be
canceled quite high, Pc = 5 mW, assumed to be half the transmitted power of

10 mW (10 dBm). '

S R=1 , P_=5X10"3w = -23dBw = 7dBm

T T

* E.p * 17+ 20 log Al/t

at/t - &ypm

i 3 .

( 10°% .83

i 1006 <108
107 .23 ;

In this case, a short term stability of 10'7 for At/ would be at the limits of
gsensitivity of typical receivers. If the tranamitter were 1 W this stability level
woul¢ insure cancellation levels of =93 dBm instead of -123 dBm.

2. For this example let path A correspond to a signal that has travelegd the
length of the chamber and returned, &, A S 75 ft and 'CB =2 ft. Also let f = 10 GHz,
and the power level Pc = Pt - 30 dB, Acsuming Pt = 10 dBm, Pc = =24 dBm,

o2zl
oy - -2-’-’1'{-5-}%1’ = 4792, 260
. 28,
¢p = ?'11%- 127, 794
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¢c = 0.373(27 = 2,343 rads,
n = 742

E,p = ~20 + 20 log (7427 AL/

1078 -52, 65

10°6 -12.65
; 1077 -92, 65
. -8

10 -112. 65
§ 10°® -132,865

S
AR,

Thus, even though the power to be canceled is much lower, the long line elfects
impose more stringent stability conditions,
3. The frequency is 1 GHz, with other conditions as in (2),

2%(75) = 471,239

ua

%A

68 = 2%(2) = 12, 566

s "%
——2-;-— = 458. 673

oo éc = 0, 673(27) = 4,266 rads.

&y = 23.2 + 20 log A/t

at/t éin
1073 -76.8
1076 -96.8
10°7 -116.8
1078 -136, 8

Thus, the wavelength that is larger by roughly an order of magnitude, relaxes
stability requirements by roughly an order of magnitude,
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7. TRANSMISSION LINE COMPONENTS

Even with most expensive rf power sources, receivers, and mount equipment
the complete key to accurate, repeatable, and efficient radar scattering measure-
ments is in proper assembly of high quality transmission line components, Here
efficiency is important, A good assembly of transmission line components permits
rapid and sure adjustment of the cancellation level whereas a poor assembly makes
achievement of the cancellation levels slow and tedious, This is a process that will
be carried out tens of thousands of times over the life cycle of an equipment assem-
bly, and the difference between 1 to 2 min vs 10 to 15 min is very significant in
terms of long term operation costs, In addition, inability to easily achieve good
cancellation tends to lead to relaxed standards overall for measurement results,

The above holds true even il digital cancellation techniques are used and be-
cause these techniques assume absolutely no change in phase or amplitude through
the transmission line paths during the measurement times, In addition, most
receivers have saturation levels that are below the initial uncanceled levels of the
signals to be canceled, Hence, initial cancellation will probably be necessary
either at the if or rf levels and this adjustment must remain constant during the
measurement time.

Block diagrams showing the components required for both single transmit/
receive antenna and dual transmit/receive antenna operation are given in Figures
18 and 19, These are more or less standard setups for such operation and varia-
tions are possible,

The components should be high quality and free of transmission changes due
to vibration and small shock, The assembly lfor each frequency band should be
firmly mounted on a base, Although the base can be metal, a thick plywood base
is preferable because it reduces conduction paths, The plywood should be at least
3/4 in, thick and preferable 1 in, thick (formed by gluing together 2-1/2 in,
thicknesses),

All joints between individual waveguide or coaxial components should be sealed;
waveguide joints should be always choke to flange, However, even these leak some
rf and should be further sealed. One technique that provides an effective sealing
procedure for waveguide junctions consists of coating both flange and choke with
thin coats of silver conducting paint, waiting until the paint is tacky, and then
bolting the junction together, o The silver conducting paint used was Dupont Silver
Preparation Electronic Grade 4922, Upon disassembly and reassembly, junctions
so treated must be completely cleaned of the paint and the paint reapplied to insure

9. Mack, R.B,, Wojcicki, A,W,, and Andriotakis, J.J. (1973) An Implementation
of Conventional Methods of Measuring the Amplitude and Phase of Backscat-~
tered Fields, AFCRL-TR-73-0418, AD 770 015,
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a good seal, For this reason the assembly should be first put together with regular
bolted joints until final arrangement of the pieces is settled,

Avoid flexible coaxial line and, insofar as possible, flexible waveguide, At
2 GHz and above all rf lines from the transmitter output should be rigid coaxial
line or waveguide with connecting pieces fabricated to fit, Even short sections
should be adequately supported so that they are vibration Iree, Flexible coaxial
lines from the mixers to receivers have not been found to cause any problems as
long as they are within loss tolerances specified by the receiver manufacturer,

It is assumed that the assembly for each frequency band will be permanently
assemuled on its own base and for use slide into equipment racks located in the rf
equipment space (Figure 4). These racks must be very solid with no motion or
vibration and rock steady. For the lowest frequencies at least, the experiments
will be centered vertically in the charaber, so the racks must be perhaps 10 [t tall,
Because of the desirability of operating at lower heights whenever possible, it is
recommended that the racks be of modular construction with top sections removable,
The equipment assemblies on their base could slide into grooves in the racks, held
in place securely by spring tensional rubber rollers. A personnel stand and stairs
with railings to permit comfortable working height and meeting safety requirements
will also be required, It {8 recommended that this stand be completely separate
from the equipment rack so that motion by personnel on the stand cannot cause
even the slightest movement of the equipment rack,

The tranamitting source should be located close to the transmission line assem-
bly and could well be located in the lower portion of the equipment rack, thereby
helping to provide stability for the rack,

As mentioned earlier, il slide-in capability for several transmission line
assemblies is provided in the rack, it might be possible to leave several assemblies
including their antennas permanently in place, In some cases, at least, antennas
will be mounted separately from the equipment and the possibility of small vertical
movements of the equipment assemblies should be provided for purposes of align~
ment, For assemblies not in current use, slide-in storage racks should be pro-
vided in the rf equipment space, A sketch of one possible general form of the
equipment rack is given in Figure 20,

In addition to the components shown in Figures 18 and 19, a bench test setup
will be needed for each frequency band, At a minimum this should consist of a
slotted line, probe, SWR meter, waveguide to coaxial adaptors, and at least one
extra matched load. A power meter with thermistor or other appropriate heads for
each band should be available,

Also, in addition to the components identified in Figures 18 and 19, a number
of E and H plane 90° bends will be necessary along with several feet of waveguide
and separate flanges and chokes so that sections of connecting waveguide can be
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Figure 20, Equipment Racks
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fabricated as necessary to connect the components, and to connect the rf source
to the assembly,

A coaxial assembly will be the most convenient for frequencies from 1 GHz to
4 GHz and may be usable to 8 GHz, However, use beyond 4 GHz is unlikely.
Therefore, waveguide assemblies will probably be needed for 4 to 8 GHz and
8 to 12 GHz but use of coaxial components to 8 GHz ie worth trying, provided suf-
ficient bandwidth can be found in all of the necessary components.

The following list includes sufficient components for any of the assemblies of
Figures 18 or 18, The components are listed in terms of waveguide but in most
cases direct coaxial line equivalents can be found, In the case of tees and bends,
fewer coaxial ones would be needed because there is no E or H plane distinction,

Table 7. List of Transmission Line Components

Quantity Item
3 Isolators
4 Directional couplers (1 to 10 dB, 1 to 20 dB, 2 to 40 dB)
2 Variable attenuators (0 to 50 dB or 0 to 100 dB, uncalibrated)
1 Variable attenuator, calibrated (0 to 50 dB)
2

Rotary Vane Precision Attenuator (1 - 0 to 100 dB,
1 - 0 to 10 dB preferred)

2 Rotary vane precision phase shifters
2 E. H, tuners
1 180° hybrid (very high quality, solid)
2 Matching units, very fine adjustments (3 or 4 preferable for
higher frequencies)
4 Matched loads (3 needed, 1 optional)
5 E-Plane 90° bends
5 H-Plane 90° bends Some number of these will be
3 E-Plane tees Laboratory atock 1a avilable,
3 H-Plane tees these components can be
1 31t section waveguide drawn from that stock,
12 ea flanges and chokes

Optional but Needed for Occasional Use
1 Slotted line with probe (or network analyzer)
Waveguide to coaxial adaptors
Matched load
SWR meter
Power meter

[P
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8. TYPICAL FACILITY PERFORMANCE

The purpose of this section is to show examples of the minimum cross sections
having errors of no more than +1 dB that can be measured on a typical backscatter
facility. The parameters chosen for the facility do not apply to any specitic equip-
ment but are typical of the state of the art commercially available components,

The parameters of the measurement system and the resulting minimum measurable
cross sections in square meters are summarized in Table 8 for both optimum an-
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';;E tennas and for the three-antenna approximation that was discussed in Section 6,
?}
3
,{{:\
o Table 8, Assumed Typical Equipment Parameters and Minimum
I Measurable Cross Sections
.
§ Equipment Parameters %min (m2)
i RF Power | Antenns Gain 3 Dish
5 Receliver Source Opt Ant | Appr.
T Freq. | Sensitivity Qutput 3 Dish | (1 dB | (1 dB)
&
1 (GHz) (dBm) (dBm) Optimum | Appr. | Error) | Error)
1.0 -105 +10 19,8 17.4 39,6 | -34.8
1
1 2.0 -105 +10 22,8 23.4 -39.6 | -40.8
i 4.0 -100 +10 25,8 | 29,4 | -34.6 | -41.7
il (23.4) (-28.7)
8.0 -95 +10 28.9 20,5 | -20.7 | -30.9
i 12,0 -90 +10 30. 6 33,0 | -24,5 | -20.4
(29, 5) (-22.4)
15,0 -90 +10 31.6 | 31,4 | -24,7 | -24.3
H: 18.0 -90 +10 32.4 | 33,0 | -24.7 | -25.9
i
22,0 -85 +10 33.3 34,7 -20,0 | -22.5
H: 26,0 -85 +8 34,0 36,2 | -17.7 | -22.1
33,0 -80 +8 350 | 382 | -12.6 | -19.0
. 40,0 -70 +6 35,6 39,9 -0.1 | -18.7

a=12dB; R =32ft=9,754m
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Assumptions underlying the calculations are:

1. The measurement system is a backscatter facility with a single transmit/
receive antenna,

2. The maximum useful range for measurements is R = 32 ft (9, 754 m) and
all measurements are made at this range,

3. The antennas are 60 percent efficient with gains given by Egs, (50) and (53),

4, There is a total loss of 12 dB in the transmission line components, This
is composed of a 6 dB loss in the hybrid tee, a 5 dB loss in the detecting or mixing
crystal, and 1 dB of miscellaneous losses,

5, The minimum detectable signal of the receiver and the output of the signal
generator vary over the frequency band of 1! GHz to 40 GHz approximately as shown
in Table 8,

6. Miscellaneous background reflections and the uniformity of the incident
field over the model space are not the factors limiting measurement accuracy,

7. The minimum measurable reflected signal must be 20 dB greater than the
minimum detectable signal of the receiver, resulting in a 1 dB uncertainty in the
measured results,

The resulting minimum measurable cross sections, 9 nin’ in square meters
acve shown in Figure 21 as a function of frequency for both optimum antennas and
for the three-antenna approximation. As can be seen from Table 8, the decrease
in minimum measurable cross sections at the higher frequencies is due to the
assumed decrease in the receiver sensitivity and output of the signal source at the
higher frequencies., The use of stable amplifiers to boost the output of the signal
source would improve %min at these frequencies in a direct relation to the gain of
the amplifier,

The scele factor from 1| GHz to 40 GHz is 40, or 1600 in area, and equivalent
to 32 dB. Hence, with the 12 in, dish, cross sections of about 13,3 dBSM or
2,14 m2 at L-Band could be scaled to 40 GHz and measured with a +1 dB error,
Similarly, with the 18 in, dish, L~-Band cross sections of about 0, 1 m2 could be
measured at 10 GHz, while L-Band cross sections as low as =35 dBSM could be
measured at L-Band directly,

In Figure 22 the maximum antenna size, the maximum model size, and the
working distance between half power points of the beam at the model space are
shown as a function of frequency for measurement ranges from R = 32 ft to
R = 72 ft, These curves are based on the conventional far field criterion. If half
of this distance is to be used for measurements, R = D2/7\ instead of R = 2D2/R, the
resulting antenna size is multiplied by a factor of approximately 1.4. This value
can be obtained from Figure 22 by choosing the antenna size corresponding to a
value of R that is twice as large at the desired frequency.
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